Mycobacterium tuberculosis (Mtb) is the pathogen responsible for tuberculosis, a leading cause of illness and death worldwide. Growing evidence suggests that the proinflammatory cytokine IL-32 plays a major role in host defences against pathogens such as Mtb. IL-32 exists in six alternatively spliced isoforms, but antituberculosis effects have been reported only for some of them. In this study, we examined the effect of all six IL-32 isoforms on Mtb replication in the murine macrophage cell line RAW 264.7. Compared with cells transfected with the other isoforms, IL-32e-transfected cells exhibited the strongest antituberculosis effect and the highest rate of Mtb-induced apoptosis. Of note, this apoptosis pathway was independent of caspase-3 activation. Instead, N-Myc interactor (NMI), an inhibitor of Wnt signalling, was a key player in IL-32e-mediated apoptosis by inhibiting Wnt/b-catenin signalling and thereby activating c-Myc-mediated apoptosis. Moreover, we identified two cis-acting elements that are binding sites for the transcriptional regulators paired box 6 (PAX6) and transcription factor CP2 (TFCP2) in the promoter of NMI and these elements proved essential for IL-32e-induced upregulation of Nmi expression. Furthermore, IL-32e-mediated activation of the mitogen-activated protein kinase p38 also contributed to NMI upregulation. In conclusion, our results demonstrate that Mtb infection-induced IL-32e-mediated apoptosis in macrophages plays a key role in host defences against Mtb.
Introduction
Mycobacterium tuberculosis (Mtb) is the pathogen responsible for tuberculosis, a leading cause of suffering and death worldwide, with 1.5-2 million deaths per year. As one of the most successful human pathogens, Mtb has evolved a series of complex strategies to evade antimicrobial host defences. Treatment of tuberculosis requires a combination of drugs taken over a long period of time. The development of drug resistance and multidrug resistance make tuberculosis treatment even more difficult. Therefore, it is important to identify host factors involved in a successful immune response against Mtb that could be used as targets for the development of immunotherapies.
IL-32 is a pleiotropic cytokine that affects several cellular functions, including production of pro-and anti-inflammatory cytokines [1] [2] [3] , cell apoptosis [4, 5] and cell differentiation [6] [7] [8] . It exists in six isoforms (a, b, c, d, e and f) produced by alternative splicing of its mRNA [9] . These splice variants can display similar, different or even opposite functions. It is now accepted that IL-32 is an important host-protective molecule directed against tuberculosis. Indeed, Mtb Abbreviations Mtb, Mycobacterium tuberculosis; NC, negative control; qRCR, real-time quantitative PCR; siRNA, small interfering RNA.
infection induces upregulation of IL-32 expression in various primary human cells, including PBMCs, monocyte-derived macrophages, monocyte-derived dendritic cells and blood lymphocytes [10] . IL-32 knockdown has been shown to increase the burden of live Mtb in human macrophages [11] . Furthermore, the expression of human IL-32c in mice, for which an IL-32 homologue has not yet been identified, resulted in a reduced bacterial burden in both the lung and spleen [12] . This protection in transgenic mice was associated with increased numbers of host-protective innate and adaptive immune cells, consistent with the effect in humans [9, 13, 14] . Furthermore, alveolar macrophages isolated from transgenic mice controlled Mtb infection more effectively than macrophages from WT mice by increased colocalization of phagocytosed Mtb with lysosomes [12] . Montoya et al. [15] found that the ability of IFNc to induce antimicrobial activity in macrophages occurred by sequential activation of IL-15 and IL-32, which induces CYB27B1, an enzyme that activates vitamin D, which further results in greater vitamin D-induced transcriptional expression of cathelicidin and DEFB4, two antimicrobial peptides that kill Mtb.
Apoptosis is an important antimicrobial mechanism in cells. For instance, apoptosis of infected macrophages is associated with a reduction in pathogen viability. Importantly, IL-32c is capable of inducing different cell death phenotypes, including classical apoptosis, pyroptosis and cathepsin-mediated cell death, all of which enhance macrophage-mediated control of Mtb infection [11, 16] . However, little is known about the role of the other IL-32 isoforms in apoptosis.
In this study, we examined the effect of all six IL-32 isoforms (a, b, c, d, e and f) on Mtb replication, as well as the mechanism underlying the antibacterial function of IL-32. Our results revealed a marked upregulation of IL-32e expression in cells infected with Mtb H37Ra. In addition, IL-32e-expressing cells showed a stronger antibacterial effect and apoptosis rate. Finally, we characterized the IL-32e-mediated caspase-3-independent apoptotic mechanism, which enabled us to define a new host defence mechanism directed against mycobacteria.
Results
Mtb H37Ra induces the expression of all six IL-32 isoforms in THP-1 cells
It had been previously shown that mycobacteria such as Mtb or Mycobacterium bovis BCG induce the expression of IL-32, at the protein level, in human blood monocytes in an IFNc-dependent manner [10] . In this study, real-time PCR (qPCR) analysis was performed to investigate the mRNA expression levels of different IL-32 isoforms and whether the mRNA expression levels of the different IL-32 isoforms varied in THP-1 cells upon Mtb H37Ra infection. We found that different isoforms exhibit different expression levels and Mtb H37Ra infection significantly induced the expression of all six IL-32 isoforms, with IL-32e and IL-32c showing the highest and lowest mRNA overexpression levels respectively (Fig. 1) .
Effect of the different IL-32 isoforms on intracellular Mtb replication
We next wanted to assess the effect of each IL-32 isoform on Mtb replication. Therefore, RAW264.7 cells, a murine macrophage-like cell line that do not express IL-32, were separately transfected with plasmids encoding each IL-32 isoform or a control vector. In order to verify transfection efficiency and protein expression levels, we conducted western blot analysis of a FLAG tag coexpressed with IL-32 protein. The result showed that the expression level of different isoforms, although slightly different, was not significant (Fig. 2A) . Transfected cells were infected with Mtb H37Ra and bacterial growth was assessed at different time points by CFU analysis. Bacterial numbers were lower in cells expressing IL-32 compared to control cells at 48 hours postinfection. The reduction in the number of CFUs varied depending on the IL-32 isoform being expressed, with a particularly strong reduction observed in IL-32c-and IL-32e-expressing cells (Fig. 2B ). This result was further confirmed by measuring the mRNA expression levels of Mtb sigA, which has a constant expression in a variety of conditions that correlates with bacterial numbers [17] . The results confirmed that, bacterial growth was strongly inhibited by IL-32c and IL-32e at all the time points tested, by IL-32b and IL-32d at later stages of the infection (Fig. 2C) .
Alternatively spliced isoforms of IL-32 differentially influence apoptosis
To investigate the effect of the different IL-32 isoforms on cell survival, flow cytometry analysis was performed on RAW264.7 cells expressing different IL-32 isoforms after infection. As shown in Fig. 3A , the different IL-32 isoforms had diverse effects on apoptosis. In particular, a high apoptosis rate was observed in RAW264.7 cells transfected with IL-32b, IL-32c, IL32d or IL-32e, but there is no effect of IL-32a and IL-32f transfected cells relative to control.
To validate these findings and explore them further, the expression and activation of caspase-3 was assessed by western blot. As shown in Fig. 3B , a marked increase in activated caspase-3 levels was observed in RAW264.7 cells transfected with IL-32c, which was consistent with the results of the apoptosis assay. However, no activation of caspase-3 was detected in cells transfected with IL-32e, whose apoptosis rate was comparable to that of IL-32c, suggesting that additional caspases or caspase-independent effectors were involved in apoptosis in these cells.
To confirm these results and to further define the role of IL-32 in apoptosis, the expression levels of apoptosis-related genes in cells transfected with the different IL-32 isoforms was determined by qPCR (Fig. 3C) . Expression of Casp3 was significantly upregulated in IL-32b-and IL-32c-transfected cells, consistent with the western blot findings. Moreover, the expression of Bcl-2 was lower in IL-32b-and IL-32c-transfected cells compared with control cells, although the latter difference was not statistically significant. In contrast, expression of Bcl-2 was Data represent results from three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001. Fig. 2 . IL-32 inhibits the intracellular replication of Mtb H37Ra. Plasmid p3xFLAG-CMV (empty vector) and constructs encoding each of the six IL-32 isoforms (p3xFLAG-IL32a, p3xFLAG-IL32b, p3xFLAG-IL32c, p3xFLAG-IL32d, p3xFLAG-IL32e and p3xFLAG-IL32f) were transfected into RAW264.7 cells. (A) IL-32 protein expression was determined by western blot. Cells were infected with Mtb H37Ra 24 h after transfection. At the indicated time points postinfection, (B) Mtb H37Ra colony numbers were measured. **P < 0.01; ***P < 0.001 compared with control vector at 48 h. (C) total RNAs were isolated from the infected cells, and the relative RNA levels of sigA were measured by qPCR and normalized to the levels of b-actin. The sigA expression level of control cells at each time point were set as 1, respectively, and the samples were normolized with their corresponding controls. Error bars indicate the SD. Data represent results from three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001. Error bars indicate the SD. Data represent results from three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
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The FEBS Journal 286 (2019) 572-583 ª 2018 Federation of European Biochemical Societies upregulated in IL-32d-and IL-32e-transfected cells, which could explain, at least in part, the reduced levels of activated caspase-3 in these cells. As expected, the expression levels of most apoptosis-related genes examined increased significantly in IL-32b-and IL-32c-transfected cells, although some differences were observed between the two cell types. However, compared to those transfected with IL-32b and IL-32c, cells transfected with IL-32e, showing the highest apoptotic activity and the lowest caspase-3 activity, only showed significantly higher expression of caspase-6 and c-Myc. Therefore, the mechanisms and molecules responsible for IL-32e-induced apoptosis remain to be elucidated.
IL-32e-induced apoptosis and antibacterial activity is dependent on Nmi
Recently, an association between IL-32 and Nmi, a negative regulator of Wnt/b-catenin signalling, which regulates c-Myc levels, proliferation and apoptosis, has been found [15] . Therefore, we decided to study whether Nmi was involved in IL-32e-induced apoptosis. We first analysed the effect of IL-32e on Nmi expression by qPCR and western blot. Compared with the mock-transfected control, overexpression of IL-32e strongly induced Nmi expression in RAW264.7 cells, both at the mRNA and protein levels (Fig. 4A ). Next, we investigated whether Nmi induction was involved The protein levels of b-catenin were determined by western blot analysis. (E) Cells were infected and Mycobacterium tuberculosis replication was determined by the CFU test, and the relative mRNA levels of sigA were measured by qPCR and normalized to the levels of b-actin. The sigA expression level of control cells at each time point were set as 1, respectively, and the samples were normolized with their corresponding controls. Error bars indicate the SD. Data represent results from three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
in IL-32e-mediated apoptosis. Therefore, IL-32e-expressing cells were transfected with siRNA targeting Nmi (si-Nmi), a negative control (NC) siRNA (si-NC), after confirming the interference efficiency by qPCR and western blot (Fig. 4B) , the effect on apoptosis was analysed by flow cytometry; RAW264.7 cells transfected with a mock-vector and si-NC were used as control. As expected, IL-32e expression strongly induced apoptosis in RAW264.7 cells; however, apoptosis was significantly abrogated by Nmi knockdown (Fig. 4C) . Since Nmi expression is associated with reduced protein levels of the critical transcription cofactor of the Wnt pathway, b-catenin [18] , the effect of IL-32e expression on b-catenin protein levels was investigated. Western blot results showed that the b-catenin protein level was markedly reduced in IL-32e-transfected RAW264.7 cells compared to mock-vector transfected cells, and that this repression could be rescued by siRNA-mediated Nmi silencing (Fig. 4D) . These results suggested that the effect of IL-32e on b-catenin protein levels was mediated via Nmi. Furthermore, flow cytometry analysis showed that co-expression of b-catenin significantly alleviated IL-32e-induced apoptosis (Fig. 4C) .
Considering that Nmi appears to play a crucial role in IL-32e-mediated apoptosis, we investigated whether Nmi expression was also involved in IL-32e-mediated inhibition of Mtb replication. IL-32e-expressing cells transfected with si-Nmi or si-NC were infected with Mtb H37Ra, and bacterial growth was measured using a CFU test; RAW264.7 cells were transfected with mock-vector and si-NC was used as the control. The results showed that the significant antibacterial effect of IL-32e was completely abolished by Nmi knockdown (Fig. 4E ).
Pax6 and CP2 cis-acting elements are required for the induction of Nmi expression by IL-32e
To better understand the mechanism of IL-32e-mediated Nmi induction, the 5 0 -proximal promoter region of Nmi was dissected and analysed by luciferase reporter assays. IL-32e or mock-vehicle transfected cells were transiently transfected with luciferase reporter plasmids containing Nmi promoter sequence from À227, À594, À904, À1408, À1570 or À2000 to +300 bp (relative to the transcriptional start site) respectively; the empty vector was used as the control. All Nmi promoter regions examined had significant luciferase activity except for the À227 to +300 fragment, which highlighted the importance of the region À594 to À227 for IL-32e-mediated Nmi transcription (Fig. 5A) .
To further define the critical region of the Nmi promoter, the reporter vectors pGL4.10-528 (À528/+300), pGL4.10-474 (À474/+300), pGL4.10-406 (À406/+300), pGL4.10-322 (À322/+300) and pGL4.10-259 (À259/ +300) were generated, and luciferase activity was measured using pGL4.10 and pGL4.10-594 (À594/+300) as controls. The transcriptional activity markedly decreased when the sequences À259 to À227 or À528 to À474 were truncated or deleted (Fig. 5B ). These results suggested the possible presence in these regions of some crucial regulatory motifs involved in IL-32e-mediated Nmi transcription.
Next, we looked for possible transcription factors binding to the previously defined critical regions of the Nmi promoter, using the bioinformatics tool PROMO [19, 20] . The search results showed multiple transcription factor binding sites in these regions (Table 1) . Therefore, we analysed the region À227 to +300 to discard transcription factor binding sites that were also present in this region that were nonrelevant for IL32e-mediated induction. Eventually, the paired box gene Pax6 and the transcription factor CP2 were chosen for further study. Two Pax6 binding site mutants and one CP2 binding site mutant were generated from pGL4.10-528 and transfected in IL-32e-or mock-vehicle transfected cells. The results of the luciferase assays showed that the cis elements of both Pax6 and CP2 were required for IL-32e-induced Nmi expression (Fig. 5D ). The involvement of Pax6 and CP2 in IL32e-mediated Nmi expression was verified by transfecting RAW264.7 cells with plasmids encoding IL-32e, Pax6 or CP2, and measuring the expression of Pax6 and CP2 in IL-32e-transfected cells and the expression of Nmi in Pax6-and CP2-transfected cells by qPCR. As expected, IL-32e significantly upregulated the expression of Pax6 and CP2 (Fig. 5E) , and the expression of either Pax6 or CP2 significantly upregulated the expression of Nmi compared with the control cells (Fig. 5F ). Collectively, these data suggested that IL32e induces Nmi expression, at least in part, by upregulating Pax6 and CP2.
IL-32e regulates Nmi expression through activation of the p38 MAPK signalling pathways
Pax6 and CP2 are regulators controlled by the p38 MAPK signalling pathways that, in turn, have been shown to be activated by IL-32 in tumours [21, 22] . Therefore, we investigated whether IL-32e induces Nmi expression through p38 MAPK activation. Therefore, the effect of IL-32e on p38 MAPK activation was assessed by western blotting. The results showed that the levels of phosphorylated p38 MAPK were Luciferase activity was measured 48 h after transfection. (E) IL-32e regulates the expression of Pax6 and CP2 in mouse macrophages. RAW264.7 cells were transfected with IL-32e or mock-vehicle for 24 h, and the expression of Pax6 and CP2 was determined by qPCR. (F) Effect of Pax6 and CP2 on Nmi expression. RAW264.7 cells were transfected with the expression plasmids p3xFLAG-Pax6, p3xFLAG-CP2 and p3xFLAG-CMV, respectively, for 24 h, and the expression of Nmi was determined by qPCR. Error bars indicate the SD. Data represent results from three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001. markedly increased in IL-32e-transfected cells compared with mock-vehicle transfected cells (Fig. 6A) . Moreover, we found that treatment of IL-32e-transfected cells with the p38 MAPK inhibitor, SB203580 (25 lM), completely abolished IL-32e-induced upregulation of Nmi expression (Fig. 6B ).
Discussion
In this study, we showed that Mtb infection upregulates the mRNA expression of all the six IL-32 isoforms to different extents in THP-1 cells. This result suggested that the different IL-32 isoforms likely participate in the defence against mycobacterial tuberculosis infection in distinct manners. To test this hypothesis, we analysed the effect of each IL-32 isoform on intracellular Mtb replication. We found that IL-32b, c, d, e had strong antimycobacterial activity, at different rates, with the effect of IL-32c being the most significant, followed by that of IL-32e. These findings further confirmed that the functions of IL-32 in host defence are complex, and different antibacterial mechanisms are likely involved in the different effects observed. In that sense, it is worth noting that macrophages can kill intracellular Mtb through a variety of mechanisms, including phagosome-lysosome fusion, autophagy and apoptosis [23] [24] [25] . In seeking the biological significance of the IL-32 isoforms in antimycobacterial defence, we found that overexpression of IL-32 isoforms in RAW264.7 cells induced different degrees of apoptosis. In particular, IL-32c and IL-32b, but not IL-32a, induced apoptosis, consistent with previously reported findings [26] . Intriguingly, cells transfected with IL-32e underwent a high rate of apoptosis, comparable to that of IL-32c. Since IL-32e showed the highest increase in expression and a strong antibacterial effect in cells infected with Mtb H37Ra, it is possible that this IL-32 isoform plays a vital role in antimycobacterial defence by inducing apoptosis. To further understand the mechanism used by IL-32e to induce apoptosis, we measured the expression of activated caspase-3. Unexpectedly, the levels of activated caspase-3 were reduced in IL-32e-transfected cells, whereas they were markedly elevated in IL-32c-transfected cells. This indicated that other mechanisms contributed to IL-32e-induced apoptosis and to the subsequent control of Mtb H37Ra replication. To identify these mechanisms, the expression of a series of apoptosis-related genes in IL-32e-transfected cells was measured, but only the expression of Casp6 and c-Myc was significantly upregulated. Since c-Myc is a known downstream target of the Wnt/ b-catenin signalling pathway [27] and Nmi inhibits Wnt/b-catenin signalling by negatively regulating the levels of b-catenin [18] , we analysed the mRNA and protein levels of Nmi and b-catenin in IL-32e-transfected cells. As predicted, IL-32e expression repressed b-catenin levels by upregulating Nmi expression. In addition, both the IL-32e-induced apoptosis and antibacterial effects were completely abolished by Nmi knockdown. Therefore, we concluded that Nmi played a major role in the biological function and antibacterial activity of IL-32e.
Next, we wanted to understand the regulation of Nmi expression by IL-32e. We identified a key region in the promoter of Nmi for the response to IL-32e. In particular, the regions, À259 to À227 and À528 to À474, relative to the transcription start site of Nmi, were required for the transcriptional expression of Nmi in IL-32e-overexpressing cells. These regions likely Table 1 . Predicted transcription factor binding sites of the Nmi promoter critical region
c-Fos contain the binding sites for critical transcription factors that regulate Nmi transcription in response to IL32e. Several putative transcription factor binding sites were predicted using bioinformatics tools and were narrowed down to the binding sites for Pax6 and CP2. Involvement of these binding sites was confirmed by mutating them and measuring the expression using luciferase fusion vectors. In addition, we confirmed that overexpression of IL-32e significantly upregulated the expression of Pax6 and CP2, and that overexpression of either Pax6 or CP2 significantly upregulated the expression of Nmi. This allowed us to conclude that IL-32e stimulates Nmi transcription by inducing Pax6 and CP2 expression. The activity of many transcription factors is regulated in a rapid and reversible manner by specific phosphorylation events mediated by protein kinases acting in signalling cascades [28, 29] . MAPKs are serine-threonine protein kinases that participate in cascades with essential roles regulating many critical cellular processes, including cell growth and division, differentiation, apoptosis and stress-related responses [30, 31] . A previous study demonstrated that the Pax family of transcription factors was phosphorylated in vitro and in vivo by MAPKs [21] . Intriguingly, late simian virus 40 (SV40) transcription factor (LSF), a member of the LSF/CP2 subfamily of transcription factors, was also rapidly phosphorylated by MAPK, and phosphorylation of LSF by p38 MAPKs increased binding to the HIV-1 long terminal repeat [22] . In addition, IL-32 has been found to increase p-p38 MAPK activation in tumours [32] . Therefore, we speculated that IL-32e induced Pax6 and CP2 expression by activating p38 MAPKs, thereby increasing Nmi expression. Indeed, the upregulation of Nmi expression mediated by IL-32e was completely abolished by a p38 MAPK inhibitor.
Previous studies have generally focused on IL-32c, which is the longest IL-32 isoform and exhibits the highest biological activity [33] . The present work represents the first report on the antibacterial activity of IL32e. Our study suggests IL-32e to be an effective antibacterial cytokine in Mtb-infected cells and describes the potential mechanism by which IL-32e induces apoptosis. Specifically, IL-32e leads to the activation of p38 MAPKs, which in turn activates the transcription factors Pax6 and CP2, resulting in upregulation of Nmi expression. Finally, Nmi represses Wnt/b-catenin signalling, which results in c-Mycinduced apoptosis. To our knowledge, a mouse homologue of IL- 32 has not yet been identified. Therefore, use of the RAW264.7 mouse macrophage cell line in our experiments allowed us to avoid interference among the different IL-32 isoforms and enabled a more direct analysis of the biological function of each isoform. H37Ra is an attenuated Mtb strain and it can stimulate certain antibacterial responses in the host, which may be inhibited by the virulent strain. Therefore, using the weak strain, to find out these diseaseresistant mechanisms activated by the attenuated strain, could provide novel directions to anti-TB research. The relevance of the results presented here would be verified in human cells and virulent strains would be used for comparison in the future, which will contribute to improve our understanding of this mechanism.
Experimental procedures
Bacteria and cell culture 
Cell infection and determination of bacterial load
Infections were carried out at a multiplicity of infection of five bacteria per cell. After 6 h of incubation, infected cells were washed three times with PBS to remove any extracellular bacteria, followed by incubation in fresh media. At the indicated times, extracellular bacteria were collected by centrifuging culture medium and intracellular bacteria were collected by lysing infected cells with 0.05% SDS in PBS, plating bacteria on Middlebrook 7H10 agar plates supplemented with OADC. The plates were incubated for 3 weeks at 37°C to determine the colony number. In addition, bacterial numbers were assessed by measuring the expression of the mycobacterial sigA, whose expression is constant at different conditions [17, 34] , relative to the expression of cellular b-actin.
Apoptosis analysis
Apoptosis was assessed by annexin-V and propidium iodide staining. Briefly, cells were incubated in annexin binding buffer (10 mM HEPES, 140 mM NaCl and 2.5 mM CaCl 2 ), stained with 10 lL of Annexin V-Alexa Fluor 488 (Molecular Probes, Eugene, OR, USA) for 20 min, and counterstained with 1 lgÁmL À1 propidium iodide for 15 min.
Subsequently, cells were washed twice with cold PBS, fixed with 1% paraformaldehyde for 30 min, and washed once with cold PBS. Binding of Annexin V-Alexa Fluor 488 and propidium iodide was detected using a BD FACS Calibur flow cytometer (BD Biosciences, San Jose, CA, USA).
Western blot analysis
Cells were lysed with RIPA buffer (Pierce, Rockford, IL, USA) according to the manufacturer's instructions. The protein concentration of the lysates was quantified using BCA Protein Assay Reagent (Pierce). Protein samples were separated by SDS/PAGE followed by immunoblotting as described [16] . Primary antibodies against caspase-3 (Cell Signaling Technology, Danvers, MA, USA), Nmi (Sigma, Saint Louis, MO, USA), b-catenin (Santa Cruz Biotechnology, Inc., Dallas, TX, USA), FLAG (Sigma) and actin (TransGen Biotech Co., Ltd., Beijing, China) were used. Secondary antibodies were purchased from Beyotime (Jiangsu, China).
Reverse transcription PCR and real-time quantitative PCR (qPCR)
Total RNA was isolated from cultured cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions, followed by reverse transcription PCR (RT-PCR) using 1 lg of RNA and the PrimeScript RT reagent Kit (TaKaRa, Dalian, China). qPCR was performed using an ABI StepOnePlus PCR system (Applied Biosystems, Foster City, CA, USA) using TransStart Tip Green qPCR SuperMix (TransGen Biotech, Inc.) and the following conditions: 30 s at 94°C, followed by 40 cycles of 5 s at 94°C and 30 s at 60°C. The absolute qPCR was performed as described previously [35, 36] and the relative expression of the target gene was normalized to b-actin and was described as fold change = 2
ÀΔΔCt
. The primers used for the RT-PCR and qPCR are listed in Table 2 .
RNA interference
siRNA targeting mouse Nmi and negative control siRNA (si-NC) were purchased from GenePharma (Shanghai, China). The Nmi siRNA sequences were as follows: GGACGAUAUGAGAGGCGAATT. RAW264.7 cells 
Construction of promoter reporter plasmids and luciferase assays
The wild-type Nmi promoter and a series of truncated Nmi promoters amplified from mouse genomic DNA by PCR were inserted into a pGL4.10 [luc2] vector (Promega, Madison, WI, USA) to generate fusions with the luciferase gene. The sequences of the primers used are listed in Table 3 . A Renilla luciferase-expressing plasmid (pRL-CMV) was used as an internal control of transfection efficiency. HEK293T cells were cotransfected with the luciferase reporters and IL-32e expression vector using Lipofectamine Ò 2000 Reagent (Invitrogen). After 24 h, cells were lysed using 19 lysis buffer and luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega) following the manufacturer's instructions, and a VICTOR X5 Multilabel Plate Reader (PerkinElmer, Cetus, Norwalk, CT, USA).
Statistical analysis
Data are represented as the mean AE SD from at least three independent experiments. Statistical analysis was performed with one-way ANOVA for multiple variables and with Student's t-tests for comparison of two groups. P values < 0.05 considered statistically significant.
